Otitis media with effusion (OME) is characterized by the occurrence of fluid in the middle-ear cavity in the absence of any signs of acute ear infection and occurs most frequently in children with auditory or eustachian tube dysfunction. Its chronic form is an important clinical issue for pediatricians and otologists alike. The study by Depreux et al. in this issue of the JCI shows that absence of the transcriptional activator Eya4 in knockout mice results in abnormal structuring of the eustachian tube, thus predisposing these animals to OME (see the related article beginning on page 651). The development of this genetics-based animal model is an important advance for understanding OME and for exploring new avenues of treatment.
In humans, fluid accumulation in the middle-ear cavity, in the absence of acute ear infection, is known as otitis media with effusion (OME) (1) (2) (3) . The disorder occurs most frequently in children, with approximately 2.2 million episodes diagnosed each year in the United States (2, 3) . Fortunately, spontaneous resolution occurs within three months in a large number of these children. Unfortunately, an equally large number of children have recurrent OME (1) . Recurrent OME is accompanied by an increased risk for sustained conductive hearing loss, with the potential for speech, language, and learning problems. The treatment of chronic OME is thus an important clinical issue for pediatricians and otologists.
The most important factor associated with OME is abnormal structure and function of the eustachian tube (ET) (3) . The ET is an osteocartilaginous tube that connects the middle-ear cavity to the nasopharynx. The cartilaginous portion opens into the nasopharynx at the torus tubarius, and the osseous portion opens into the anterior wall of the middle-ear cavity at the ostium (3) ( Figure 1A ). The lumen of the ET and the inner surface of the middle-ear cavity are lined with the respiratory epithelium. The mucosal layer of the respiratory epithelium consists of secretory cells, ciliated cells, supporting cells, and connective tissue (3).
The ET serves two major functions. First, it permits air to enter or leave the middle-ear cavity, thus balancing middle-ear pressure with ambient air pressure (4). The tensor veli palatini muscle is primarily responsible for active dilatation of the ET, and pressure equilibration occurs most frequently during swallowing. Second, the ET provides a conduit through which middle-ear secretions can be swept into the nasopharynx, via the beating action of the ciliated cells. Secretions in the middle ear can arise from two sources: capillary effusion (also called transudate effusions; ref. 3) , and mucus released into the middle-ear cavity from the secretory cells of the respiratory epithelium. Herein, we refer to these secretions collectively as middle-ear secretions. In addition, reflux through the ET can draw nasopharynx secretions into the middle-ear cavity.
Human OME Immature development of the ET impairs the venting function and increases the likelihood of secretion accumulation in the middle-ear cavity. Other impairments to the ET can also cause accumulation of these secretions. At the torus tubarius, for example, ET obstruction can occur from hypertrophied adenoids or edema of the surrounding epithelium ( Figure 1, A and B) . At the ostium, the presence of a cholesteatoma (a benign skin growth) or a polyp may block the opening of the ET ( Figure 1C ). In addition, ET dysfunction can be caused by failure of the tube to close, a flaccid tube, or an inflamed epithelium ( Figure 1D ). The net effect of all these examples is blockage of the flow of secretions from the middleear cavity. Impairment of cavity ventilation and drainage is the primary mechanism that triggers an OME episode. In addition, the clearance of middle-ear secretions depends on the integrity of the respiratory epithelium, in particular, the effectiveness of the ciliated cells in moving secretions. Furthermore, craniofacial abnormalities, of which a palatal defect is one example, are also related to a higher incidence of OME because they impair the ET venting mechanism (3).
When middle-ear ventilation is impaired, negative middle-ear pressure results, causing tympanic membrane retraction and the accumulation of middle-ear secretions. Notably, the longer these secretions remain in the cavity, the more likely it is that they will produce structural alterations such as polyp formation, tissue fibrosis, additional ET obstruction, and, eventually, chronic OME (with the so-called "glue ear" condition; ref.
3). The majority of cases of OME are asymptomatic, but in some children, mild intermittent ear pain, fullness, irritability, ear rubbing, balance problems, a conductive hearing loss of 25-40 decibels (dB), delayed language or speech development, and/or problems with school performance may emerge (1) . Spontaneous resolution of OME is largely determined by the original cause and the duration of fluid in the middle ear but most frequently occurs within three months. The only effective treatment for chronic OME at present is a tympanostomy with tube insertion (1). This limited option for clinically treating chronic OME, and the difficulty in identifying new treatment procedures, due to the requirement for large studies involving children who are at risk for structural damage to the ear, calls attention to the need for an animal model in which new treatments for OME can be tested. stages of normal embryogenesis, as it interacts with proteins in the regulatory hierarchy. In addition, it is also important in the development of structures within the inner ear, such as the cochlear capsule, Reissner membrane, stria vascularis, and the sensory epithelia of the vestibular system. EYA4 mutations in humans are related to postlingual, autosomal dominant, progressive hearing loss at the DFNA10 locus (5).
A genetic basis for OME
Eya4-deficient mice (Eya4 -/-mice) appear to primarily suffer from disrupted ET morphology. It may be the case that EYA4 mutations in humans result in abnormal anatomy in the middle ear that contributes to the formation of a cholesteatoma. Unfortunately, data to support this possibility have yet to be reported. As reported in this issue of the JCI, Depreux et al. (6) , in the process of investigating hearing loss in Eya4 -/-mice, found that these mutant animals had OME. The existence of a genetic basis for OME has been previously suggested, as the incidence of OME has been shown to be higher in twin siblings (3); but in their current study Depreux et al. propose that deletion of a specific gene, Eya4, causes OME (6). Auditory brainstem responses of the Eya4 -/-mice studied revealed a substantial loss in peripheral auditory function; however, how much of this was attributable to the middle-ear conductive system is unknown. The investigators also excluded the possibility of their results arising from middle-ear or ET infection by treating pups with antibiotic prophylaxis. The lumen and epithelium of the middle-ear cavity, ET, and craniofacial and palate skeleton were examined in detail to characterize further anatomical defects in the Eya4 -/-mice. In comparison to WT mice, the ET ostium in Eya4 -/-animals was narrower and abnormally positioned in the middle ear, and 10% of mutant animals had a mechanical obstruction of the ostium by a polyp (Figure 2 ). The medial osseous segment was also abnormally narrow in Eya4 -/-mice compared with WT mice. Furthermore, there was delayed palatal maturation, which was resolved within four weeks, and cilia cell density in the middle-ear cavity was reduced after 16 months in Eya4 -/-mice. Table 1 compares and contrasts the phenotypes of Eya4 -/-mice and human infants with OME, revealing that many of the major characteristics of OME in children and the Eya4 -/-mutant mice are the same. Indeed, we suspect that the characteristics of the ET in Eya4 -/-mice are almost identical to the immaturity of the ET observed in infants with OME.
The study by Depreux et al. (6) shows that the Eya4 gene may play a critical role in structuring the ET and that immature development of these structures predisposes Eya4 -/-mice to OME. While the degree of conductive hearing loss in the Eya4 -/-mouse is unknown, and may be overshadowed by inner-ear defects, the degree of similarity between the OME dysmorphology of the middle ear observed in the mutant mouse and that observed in humans is nevertheless remarkable. Even those features with delayed onset are similar in both. This correspondence supports the authors' conclusions that the Eya4 -/-mouse is an excellent genetic model of human OME.
Future studies may reveal other genes whose interactions with Eya4 result in hearing loss and OME, and the identification of such genes could provide a better understanding of OME and aid the development of therapies.
Conclusions
There are induced animal models of otitis media (see, for example, refs. 7-10). The introduction of human pathogenic organisms such as Steptococcus pneumoniae, Haemophilus influenzae, or Moraxella catharralis into the middle ear of an animal facilitates the investigation of clinically relevant infections. Experimental obstruction of the ET and introduction of inflammatory sub- (6) report a critical role for the transcriptional activator Eya4 in structuring the ET and in its positioning within the middle ear in mice. In Eya4 -/-mice, which are profoundly deaf, the ET epithelium was swollen and the medial osseous portion of the ET that opens into the middle-ear cavity was markedly narrowed and malpositioned at the anterior perimeter of the middle-ear cavity. The opening of the ET at the ostium was blocked by a polyp in 10% of Eya4 -/-animals. These structural abnormalities appeared to predispose the mutant animals to the development of OME-like symptoms, including tympanic membrane retraction, inflammation of middle-ear cavity mucosa, and accumulation of middle-ear secretions (with or without bubbles). The results increase our knowledge of the genetic determinants of middle-ear development, and this animal model will be useful for the development of new therapies for genetic and possibly acquired forms of human OME. stances into the middle ear have also been used to induce otitis media in mice (8) .
Genes that relate to mucin production and other functional aspects of the middle-ear cavity have also been identified (11, 12) . In addition, the developmental anatomy of the middle ear and its conductive apparatus have been described for many common laboratory species (13) (14) (15) (16) (17) . This body of information, along with the identification of the current Eya4 -/-mutant mouse as a genetic model of OME (6), provides a rich database for future research on the treatment of chronic OME. This research might identify pharmacological approaches to reduce the long-term effects of effusions in the middle-ear space, or might seek to reduce or reverse cilia damage, polyp formation, and viscosity changes in the accumulated secretions. Treatments that maintain the patency of the ET may also be sought, and all such developments would represent important advances in the treatment of OME.
